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Chapter 5 
 






In this chapter* the resolution of racemates that crystallize as conglomerates by 
means of racemization in the liquid phase and simultaneous grinding of the solid 
phase is described. Also mixtures of amino acid derivatives have been resolved in 
similar experiments using a crystalline conglomerate. The other amino acid 
derivatives co-crystallized with the same absolute configuration. This approach 
could be a feasible pathway for the origin of homochirality in nature. 
 
* Parts of this chapter have been published in: J. Am. Chem. Soc. 2008, 130, 1158–1159,  










5.1  Introduction 
Direct resolution by crystallization of racemic mixtures, induced by seeding or by adding 
tailor-made additives, forms an attractive alternative to the separation by forming 
diastereomeric salts.1 Unfortunately, the overall yield in a single resolution step is low and 
limited to 50% of each enantiomer and in practice usually lower. Combining a direct 
resolution with racemization in the solution would lead to a total enantiomeric 
transformation.2 Complete resolution in a single operation would be of great practical use.  
Examples have been very limited, however.  
Viedma3 recently demonstrated the inexorable and random emergence of solid-phase single 
chirality for the intrinsically achiral inorganic compound NaClO3 or NaBrO3, initially 
present as a racemic mixture of two enantiomorphic solid phases in equilibrium with the 
achiral aqueous phase (Figure 5.1a). Grinding the slurry of crystals with glass beads 
promotes dynamic dissolution / crystallization processes that result in the conversion of one 
solid enantiomorph into the other via the solution. Larger crystals grow by consuming 
smaller crystals via the saturated solution due to the fact that a small surface to volume ratio 
is energetically favorable. This process is known as Ostwald ripening4 and is also seen in 
ice-cream, which forms large ice crystals over time at relative high temperatures and 
making the ice-cream less smooth. In ice-cream, this process is halted to a large extent by 
freezing the ice at -18°C.5 
 
Figure 5.1 a) Suspension of an achiral compound crystallizing in mirror 
imaged space groups. b) Suspension of a conglomerate, racemizing in the 
liquid phase. 
The grinding action of the glass beads gives smaller crystals which dissolve faster than 
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not ground his crystals this deracemization process would also have taken place, however, 
much slower.6 
The conversion towards homochiral crystals relies on the fact that the solid-phase chiral 
identity of the intrinsically achiral NaClO3 or NaBrO3 is lost upon dissolution. Recently 
similar results have been reported with an achiral organic compound that also crystallizes as 
a conglomerate7 as well as an achiral compound that forms left and right handed helices. 
During discussions with Prof. Donna Blackmond of Imperial College London, on the 
occasion of a lecture in Nijmegen, the idea arose to attempt to extend the Viedma 
observation to an intrinsically chiral organic compound that could be easily racemized,8 a 
requisite for complete conversion, and which was also a conglomerate. This process is 
depicted in Figure 5.1b. It soon became apparent that DSM scientists, with their long 
experience with amino acids, could likely provide suitable candidates. It was decided by the 
Radboud University Nijmegen, DSM, Syncom and the Imperial College in London to 
collaborate in this challenging quest. 
5.2  Racemizable Conglomerate 
Amino acid amides can be readily racemized under basic conditions when they are 
converted into their corresponding imines with a functionalized benzaldehyde. Several 
benzaldehydes were tested with phenylglycinamide (Phg-NH2, 5.3) at DSM Geleen and 
imine 5.4 from o-tolualdehyde showed the same XRDP patterns for racemic and optically 
pure 5.4 which is consistent with conglomerate type behavior, necessary for testing this 
idea. The synthesis of 5.4 is known from literature9 and is depicted in Scheme 5.1. 

















Scheme 5.1 Synthesis of the imine of phenylglycinamide. 
Racemic phenylglycine (5.1) was allowed to react with MeOH and in situ generated HCl to 
deliver the HCl salt of methyl ester 5.2. This ester was subsequently allowed to react with 









o-tolualdehyde in the presence of a drying agent to remove the water. Compound 5.4 was 
recrystallized from MeCN to yield pure crystalline material. 
5.3  Deracemization by Abrasive Grinding10 
The method of deracemization by abrasive grinding requires racemization in solution of 
compound 5.4. This can be accomplished with a base like 1,8-diazabicyclo[5.4.0]undec-7-
ene (DBU). Several conditions have been tested at DSM and the University of Nijmegen to 
find a good solvent, amount of solid glass beads, DBU-concentrations, stirring rates and 
amount of 5.4 in the solid phase.11,18 Best results were obtained in MeCN as solvent and in 
general it may be concluded that more glass beads, higher DBU concentrations, faster 
stirring rates and lower amounts of 5.4 give faster deracemization. More than one hundred 
experiments were run in four individual laboratories12 in new glassware and all experiments 
gave (R)-5.4 as final product as depicted in Figure 5.2 (blank). This can be explained 
because of small natural (S)-amino acid contaminations,13 which direct the deracemization 
towards the enantiomer with opposite absolute configuration as dictated by the Rule of 





Scheme 5.2 (R)-Phenylglycine. 
However, by addition of small amounts of an additive with a strong structural resemblance, 
(R)-phenylglycine (Phg), as depicted in Scheme 5.2, the deracemization could be steered 
towards (S)-5.4.15 Addition of larger amounts of (S)-Phg makes the deracemization process 
faster as depicted in Figure 5.2. Of course, addition of (R)-Phg steered the deracemization 
towards (S)-5.4. The role of the additive is one of growth inhibition in which the 5.4 
crystals of opposite handedness are retarded in their growth. 
Addition of a small bias of one enantiomer of 5.4 provided this enantiomer optically pure 
faster than in unbiased systems as depicted in Figure 5.3. 
Furthermore, Monte Carlo computer simulations have been performed at the University of 
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Figure 5.2 Deracemization aided by (S) or (R)-phenylglycine. Lines are 
provided as a guide for the eye. 
 
Figure 5.3 Deracemization with small a small bias in the initial ee. Lines 









5.4  Deracemization by Sonication 
Sonication is a way to break up particles in suspension by a process called cavitation. In 
this process, small bubbles are generated, grown in the vacuum created on passage of the 
sonic wave, and after a few cycles collapse. The collapsing locally generates extreme 
pressures (1000 bar), heat (5000 K) and heating and cooling rates (1010 K·s-1) in the further 
cool liquid. With the collapsing of a bubble, a liquid jet is generated which can erode a 
relative large particle. Moreover, the produced shock waves generate high velocity 
interparticle collisions.17 In theory, sonication provides an attractive alternative for abrasive 
grinding by glass beads and magnetic stirring as described in §5.3 . 
A handheld sonicator (Hielscher, UP100H, 100W) with titanium sonotrode (Ø 3mm, 7 mm 
or 10 mm) was used to mill a suspension of  (±)-5.4 in MeCN with DBU which was placed 
inside a thermostated double jacketed vessel which kept the suspension at 20°C. 
Unfortunately, in overnight experiments brown solutions were found. Apparently, the local 
heat generated by the cavitation process from this relatively powerful device caused the 
decomposition of 5.4 (confirmed by HPLC analysis). Furthermore, prolonged use of this 
sonicator caused the titanium sonotrode to wear considerably, resulting in titanium 
contaminated reaction mixtures. 
Sonication in a thermostated bath-sonicator did not lead to this decomposition of the 
material. However, no significant size reduction of the crystals was observed by optical 
microscope. When glass beads were introduced to the suspension and then sonicated, fast 
deracemization was observed leading to >99% ee 5.4 within one day.18 Apparently, the 
glass beads collided with each other crushing crystals between the beads effectively. Still, 
the direction of non-biased or non-deliberately contaminated mixtures produced solely 
(R)-5.4. Even faster deracemization was achieved by addition of more solid glass beads, 
more DBU and less 5.4 in the solid phase.  
5.5  Deracemization by Crystallization19 
Nearly 70 years ago, during the second World war, Havinga demonstrated that 
conglomerate 1, which racemizes in solution and crystallizes as enantiopure crystals of 
opposite handedness deposited large single crystals of high enantiomeric purity on slow 
undisturbed crystallization from a supersaturated solution.2a,b  The process is illustrated in 
Figure 5.4. An undersaturated solution (situation I) is cooled to a point where both 
enantiomers are slightly supersaturated (situation II). In a stochastic process, primary 
nucleation takes place, arbitrarily illustrated for the (S)-enantiomer (situation III). This (S)-
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Because 1 racemizes in solution, the supersaturated (R)-enantiomer is consumed also by the 
growing (S)-crystal. This resolution can only be performed slowly, utilizing compounds 
with a large metastable zone width and on a small scale since one crystal has to consume 
the supersaturation of the surrounding liquid by diffusion. 
 
Figure 5.4 Deracemization of allylethylmethylanilinium iodide (1) by 
slow crystallization from chloroform as performed by Havinga. 
Kondepudi, in 1990, carefully analyzed an analogous process based on NaClO3, a 
conglomerate when crystalline.2g Although intrinsically achiral, NaClO3 is packed in the 
chiral space group P213 upon crystallization. The proposed mechanism of this resolution is 
depicted in Figure 5.5. Starting with situation I where the NaClO3 is completely dissolved, 
the solvent is slowly allowed to evaporate to produce a supersaturated solution of NaClO3 
(situation II). In situation III, one enantiopure crystal of random handedness has formed 
(the D-enantiomer in this example). Other than the Havinga resolution, this first crystal is 
ground down by a magnetic stirrer, producing multiple crystals of the same handedness 
(secondary nucleation) with a larger combined surface than the single crystal.20 A larger 
crystal surface leads to faster consumption of the supersaturation (situation III). Higher 
yields can be obtained by further evaporation of the solvent (situation IV).  Kondepudi 
found that if the solution is not stirred, the supersaturation is not consumed efficiently and 
primary nucleation of the other enantiomer will be observed also, resulting in a both 
enantiomeric crystals rather than a stochastic choice of a single chirality. Although this 
resolution should also be applicable to racemizing enantiomers that crystallize as 









The scale of the experiment of Kondepudi was larger than that of Havinga, 120 mL and 
1 mL respectively. Most likely, if Havinga had performed his experiments on a ‘Kondepudi 
scale’, the diffusion might have been too slow and then multiple crystals of random 
handedness would have been formed as was also observed by Kondepudi when no stirring 
was applied. 
 
Figure 5.5 Kondepudi deracemization of achiral NaClO3 by evaporation 
and grinding. 
This process should also be applicable to the deracemization of (±)-5.4. However, 
evaporation of solvent under ambient atmosphere is a time consuming procedure. 
Furthermore, this has to be performed under an inert atmosphere since CO2 in the air will 
render DBU ineffective due to carbamate formation and hence disable the racemization in 
solution. An alternative approach is shown in Figure 5.6. An undersaturated solution (I) is 
cooled slowly to supersaturation of both enantiomers (II). One enantiomer then crystallizes 
first (III) and is immediately ground down. The large crystal surface readily consumes the 
supersaturation of both enantiomers via racemization in solution (IV). Primary nucleation 
cannot take place without supersaturation and upon further cooling, a large volume of 
crystals of single handedness is generated (V). 
It is not impossible to imagine that (R)- and (S)-crystals are formed nearly simultaneous. In 
that case, these will deracemize quickly via Ostwald ripening because of the small amounts 












Figure 5.6 Havinga-Kondepudi resolution of the racemizable 
conglomerate 5.4 by cooling and grinding 
To a mixture of MeCN and DBU was added (±)-5.4 so that a suspension was still present at 
65°C but at 70°C a clear solution was obtained. The clear solution was subsequently slowly 
cooled to 20°C at a preset cooling rate combined with magnetic stirring at 1250 rpm in the 
presence or absence of solid glass beads. A sample was taken from the resulting suspension 
after reaching 20°C. Solids were collected and analyzed and the results denoted in Table 
5.1. 
The results show that, analogous to the results of Havinga and Kondepudi, deracemization 
takes place if the system is allowed to consume the supersaturation by secondary 
nucleation. The system that was ground with solid glass beads generates more crystal 
surface than the system with magnetic stirring only, which prohibits the primary nucleation 
even at faster cooling rates. Only at a cooling rate of 2.0°C·min-1 the grinding/secondary 
nucleation/crystal growth/racemization in solution cannot keep up with the primary 
nucleation and solids were collected consisting of only 85% ee. However, repeated heating 
and cooling gave decomposition of the material as indicated by HPLC. These findings are 









Table 5.1 Deracemization of 5.4 by crystallization and secondary 
nucleation. 
Entry 
cooling rate  
(ºC·min-1) 
stirrera            
ee (%); (R)/(S)c 
glass beadsb         
ee (%); (R)/(S)c 
1 2.0 25; (R) 85; (R) 
2 1.0 76; (R) >99; (R) 
3 0.5 83; (R) 99; (R) 
4 0.05 >99; (R) >99; (R) 
a Magnetic stirring at 1250 rpm. b Magnetic stirring at 1250 rpm with solid glass beads  
c enantiomeric excess and absolute configuration. 
 
Mixtures that did not produce enantiopure materials but which did create some ee in the 
solid phase will, of course, on prolonged stirring give enantiopure 5.4 as shown in §5.3. 
Also, deracemization of another conglomerate amino acid derivative, (±)-5.5, depicted in 
Scheme 5.4 and discussed further in §5.6.1, was complete within one day with this 
improved protocol. Addition of 4.6 mol% natural (R)-alanine (Ala) (depicted in Scheme 
5.2) to racemic 5.5 gave optical pure (S)-5.5 in the solid phase. Likewise, (S)-Ala delivered 
optical pure (R)-5.5, as would be expected from the rule of reversal. 
5.6  Deracemization and Co-crystallization 
It has been demonstrated previously21 that under kinetic conditions, asparagine (see Scheme 
5.3), a conglomerate amino acid, can incorporate upon crystallization selectively one 
enantiomer of a certain other (racemic) amino acid. Also, when a mixture of twelve 
different amino acids were added to the crystallizing racemic asparagine, “about several 
percentages at most”22 of these amino acids were incorporated into the crystal lattice. By 
collecting the first crystals that form, often an enantiomeric excess was found.  
The formation of enantiomerically enriched material from a racemic mixture can be 
explained by the fact that the crystallization of a compound from solution will take a certain 
amount of time with a statistic deviation. If two similar compounds with the same 
concentration (conglomerate forming racemate) are allowed to crystallize, of course, one 
enantiomer will crystallizes first. The second enantiomer will start to crystallize within 
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crystals will be ground and secondary nucleation will take place, producing more crystals, 
which grow faster in mass than a single crystal does.23 If the solids are collected 
immediately after a suspension is observed, often high enantiomeric excesses will be found 













Scheme 5.3 Natural occurring forms of amino acids asparagine and 
threonine. The racemates are conglomerates. 
These results were duplicated with another conglomerate amino acid, threonine (see 
Scheme 5.3) in water. Nine stirred and slightly supersaturated solutions of racemic 
threonine were allowed to crystallize. When crystals were observed, these were isolated by 
filtration and the ee was determined. All results are depicted in Figure 5.7.  
 
Figure 5.7 Emergence of kinetic symmetry breaking in threonine. 
Analogously to the results with asparagine, high ee’s (experiments 1 and 8) are found. 









(experiments 3–6 and 9), which is characteristic for these type of experiments. From nine 
experiments six deliver L-threonine and three D-threonine. This imbalance might be 
explained by the low amount of experiments, slight initial imbalance or chiral impurities. 
However, these speculations were not further investigated. 
The authors of the asparagine experiments fail to mention that if the mixture is allowed to 
proceed to equilibrium (within a couple of minutes) the ee of the crystallized amino acids 
will drop to zero. In contrast what the authors claim, without racemization in the solution, 
this procedure will not give high ee’s for a sufficient amount of time to “account for the 
predominance of L-amino acids on earth”. 
Because fast racemization of amino acids is difficult to accomplish without harsh 
conditions and decomposition of the material,24 amino acids, structurally akin to compound 
5.4 were prepared. Imines from alanine, methionine, tryptophan and valine were prepared 
analogous to the synthetic route as depicted in Scheme 5.1. The synthesized amino acids 
are depicted in Scheme 5.4. 
5.6.1 Second Harmonic Generation25 
The amino acid derivatives shown in Scheme 5.4 were subjected to Second Harmonic 
Generation (SHG) experiments.26 Both compounds 5.4 and 5.5 showed the frequency 
doubling signal which indicate that these compounds are most likely to be conglomerates. 











5.5 5.6 5.7 5.8
Me
 
Scheme 5.4 Racemizable amino acid derivatives. 
Confirmation of the assignment of conglomerate behavior formation found by SHG was 
found when deracemization experiments were carried out by crystallization from solution. 
Of course, racemic compounds cannot deracemize under these conditions. It must be noted 
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a conglomerate; the deracemization might be very slow or hampered by twinning (epitaxy). 
The results of the experiments are shown in Table 5.2. 
Table 5.2 SHG and deracemization experiments of amino acid 
derivatives. 
Entry Racemate SHG signala ee (%); (R)/(S)b 
1 5.4 Yes >99 (R) 
2 5.5 Yes >99 (R) 
3 5.6 No 0 
4 5.7 No 0 
5 5.8 No 0 
a of the racemate.   b enantiomeric excess and absolute configuration 
 
The results show excellent correlation between the SHG experiments and the 
deracemization experiments. It may be concluded that only 5.4 and 5.5 crystallize as 
conglomerates and can be racemized under the applied conditions. The other amino acid 
derivatives 5.6, 5.7 and 5.8 most likely do not crystallize as conglomerates. This, however, 
should be confirmed by more reliable techniques since SHG has an estimated accuracy of 
90%.  
Experiments have shown that the pure enantiomers of all these compounds, were 
completely racemized with DBU in MeCN overnight. Later, the conglomerate behavior of 
compounds 5.4 and 5.5 was confirmed by eutectic determination by crystallizing from 
enriched material without racemization and XRPD determinations of the racemate and the 
pure enantiomers.27 
5.6.2 Deracemization with Multiple Compounds 
When solutions of each of the other racemic imines are mixed with an excess of 5.4 and the 
latter is crystallized by the dissolution and crystallization/grinding procedure, as described 
in §5.5, each experiment shows that the imine is incorporated with high enantiomeric 











Figure 5.8 Enantiomeric excess of amino acid derivatives. Experiments 
1–4 represent crystallizations of under-saturated separate racemates 
5.5–5.8 in the presence of supersaturated racemic 5.4. Experiments 5–14 
represent the experiments with under-saturated mixtures of all racemates 
5.5–5.8 in the presence of supersaturated racemic 5.4. 
When these experiments were repeated with a solution of all four imines and with an excess 
of 5.4, the latter is isolated with very high enantiopurity. In contrast to the abrasive grinding 
experiments of 5.4 alone, the latter process appears to be nearly stochastic; 4 experiments 
go to (S) and 6 experiments go to (R).  Note that in the mixed experiments all five amino 
acid imines incorporated in the solid have identical absolute configurations although the 
particular configuration for the entire experiment appears to be random as depicted in 
Figure 5.8, experiments 5–14. 
The solids of experiments 5–14 were analyzed for content of imines incorporated into the 
crystallized 5.4 and the averages of these results are given in Table 5.3. 
Although 0.29 equivalents of each of the imines has been used in comparison to 5.4, only 
small amounts of these imines have co-crystallized. This observation is consistent with the 
Kojo experiments.21,22 The low incorporation percentage is most likely a response to  small 
errors in the crystal lattice of 5.4. In comparison, in (First Generation) Dutch Resolution 
experiments a solid solution is often formed between the different family members of the 
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incorporates whatever available material fits in the crystal lattice and thus largely depends 
on the composition of the liquid phase.28 Usually, high incorporation percentages are found 
because the starting composition of resolving agents is stoichiometric (e.g. 1:1 or 1:1:1). 
The difference between Dutch Resolution and these experiments can be explained by the 
fact that the family of resolving agents is more similar in structure and size than these 
imines.29 
Table 5.3 Incorporation in the crystalline phase of 5.4. 
Entry racemate composition (%)a average ee (%)b 
1 5.4 96.76 97 
2 5.5 0.81 86 
3 5.6 1.22 86 
4 5.7 0.22 66 
5 5.8 0.98 89 
a mass percentage. b always in the same absolute chiral configuration as 5.4. 
 
Since 5.5 is a conglomerate also, the incorporation of the other amino acid derivatives 
could be enantioselective as well. An experiment similar to that described above was 
performed with an excess of racemic 5.5 and 0.047 equivalents of each of the other imines 
described above. The composition of the isolated crystals of a single experiment is shown 
in Table 5.4. Analogously to the co-crystallization with 5.4, all components that co-
crystallize in the crystal lattice of 5.5 do so with the same absolute configuration. 
In these experiments, the average ee of each of the components is high. However, the 
compounds that are poorly incorporated (5.7 in the 5.4 experiments and 5.4 in the 5.5 
experiments) have low ee’s also. An explanation can be that small amounts of remaining 
mother liquor lower the ee to a larger extent of the component that is incorporated the least. 
As given in the experimental section, these experiments were carried out overnight and 
worked up the next morning without checking the deracemization in the solid phase. In 
contrast to the Kojo experiments, the ee of the excess conglomerate will become 100% 
upon longer stirring (Ostwald ripening). Furthermore, abrasive grinding only accelerates 
the Ostwald ripening (crystals with a smaller volume dissolve faster). If the mixture had not 










Table 5.4 Incorporation in the crystalline phase of 5.5. 
Racemate composition (%)a ee (%)b 
5.4 0.67 36 
5.5 93.53 96 
5.6 2.24 73 
5.7 1.94 74 
5.8 1.62 75 
a mass percentage. b all compounds co-crystallized in the (S)-enantiomer. 
 
In nature, reasonable fast racemization of amino acids can be performed at high 
temperatures.30 For instance, the water in the vicinity of thermal vents on the ocean floor 
may provide ideal circumstances. The combination of racemization and Ostwald ripening 
may pose a pathway to homochirality in nature. 
5.7  Experimental Section 
General Information: Reagents were obtained from commercial sources and used without 
further purification.  
For the chiral HPLC analysis of mixtures of: 2-(((2-methylphenyl)methylidene)amino)-2-
phenylacetamide (5.4), 2-(((2-methylphenyl)methylidene)amino)propanamide (5.5), 2-(((2-
methylphenyl)methylidene)amino)-4-(methylsulfanyl)butanamide (5.6), 3-(1H-indol-3-yl)-
2-(((2-methylphenyl)methylidene)amino)propanamide (5.7) and 3-methyl-2-(((2-
methylphenyl)methylidene)amino)butanamide (5.8) two methods have been used because 
of overlap of some peaks.  
Method 1: the separation was carried out on a  Chiralcel OJ-H (150 × 4.6mm) column with 
a gradient of heptane:EtOH as eluent at 20°C and 0.7 mL·min-1: 95:5 (20 min) in 20 min to 
90:10 (10 min) in 20 min to 75:25 (40 min). UV-VIS detection was performed at 254 nm. 
The solids were dissolved in MeOH and injected as such. The areas under the peaks in the 
chromatogram were measured against a known sample so the percentage of each 
compound, relative to the total area under all peaks, could be determined. (S)-5.8 Rf: 14.52 
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Rf: 38.81 min, (S)-5.4 Rf: 48.79 min, (R)-5.5 Rf: 64.39 min, (S)-5.7 Rf: 75.87 min, (R)-5.7 
Rf: 97.11 min. 
Method 2: the separation was carried out on a Chiralcel AD-H (150 × 4.6 mm) column 
with a gradient of heptane : EtOH as eluent at 20°C and 0.7 mL·min-1: 95:5 (20 min) in 
20 min to 90:10 (20 min) in 20 min to 75:25 (20 min). UV-VIS detection was performed at 
254 nm. The solids were dissolved in MeOH and injected as such. The areas under the 
peaks in the chromatogram were measured against a known sample so the percentage of 
each compound, relative to the total area under all peaks, could be determined. (±)-5.8 Rf: 
38.72 min, (S)-5.5 Rf: 45.55 min, (S)-5.6 & (S)-5.7 Rf: 48.49 min, (R)-5.6 Rf: 51.20 min, 
(R)-5.5 Rf: 55.35 min, (R)-5.7 Rf: 60.80 min, (S)-5.4 Rf: 62.82 min, (R)-5.4 Rf: 77.65 min. 
1H-NMR and 13C-NMR spectra were recorded on a Varian Mercury 300MHz machine. 
Chemical shifts are denoted in δ (ppm) and are referenced to the residual protic solvent. 
The coupling constant J is denoted in Hz. Splitting patterns are denoted as follows: s 
(singlet), d (doublet), dd (double doublet), t (triplet), dt (double triplet), m (multiplet) and 
bs (broad singlet). 
Mass spectra were recorded by API-ES (electron spray ionization) by dissolving the 
samples in MeOH and injecting the solution as such. Mobile phase: Acetonitrile : 0.1% 
formic acid in water 50 : 50 (1 min.), flow: 0.2 mL·min-1, injection volume: 5 µl. 
Procedure for the deracemization of 5.4 at isothermal conditions as described in §5.3: 
A new 100 mL round-bottom flask equipped with a new PTFE coated egg-shaped magnetic 
stirrer (2.5 × 1.3 cm) was charged with 3.0 g (±)-5.4, 27 g MeCN and 7.5 g solid glass 
beads (Ø 2 mm) was stoppered and stirred at 1250 rpm for one hour. Fresh 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU, 150 µL) was added to the suspension and the 
stirring was continued. Samples were taken by filtration (P4) and washed with some 
TBME. The optical rotation of the material on the filter cake was analyzed according to 
Method 1 (see above). This method was also applied to deracemize 2.0 g (±)-5.5 (15 g 
MeCN, 0.67 g DBU and 7 g solid glass beads, stirring at 500 rpm, after 4 days: >99% ee). 
Procedure for the deracemization by sonication as described in §5.4: A new 
scintillation vial (20 mL) was charged with 10 g solid glass beads (Ø 2 mm), 0.36 g (±)-5.4, 
3.5 g MeCN. The bottom part (~1 cm) of the stoppered vial was placed in a ultrasonic 
cleaning bath (Bandelin Sonorex, RK 106, 35kHz) which was kept at 20°C by a thermostat 
(Huber, ministat cc) and was sonicated in the middle of the bath for 5 minutes. 
Subsequently, fresh 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU, 0.10 g) was added and the 
sonication was continued. Samples were taken by filtration (P4) and washed with some 









Method 1 (see above). This method was also applied to deracemize 0.46 g (±)-5.5 under the 
same conditions as describes above. 
Procedure for the deracemization by crystallization as described in §5.5: Two new 
100 mL round-bottom flask were each charged with (±)-5.4 (6.02 g, 23.9 mmol, 1.0 eq), 
DBU (1.07 mL, 7.16 mmol, 0.3 eq), MeCN (35.0 g) and an PTFE coated egg-shaped 
stirring bar (1.0 × 2.0 cm). One flask was additionally charged with 15.0 g solid glass beads 
(Ø 2 mm) also. The loosely stoppered flasks were placed in a stirred water bath (1250 rpm) 
which was kept at 70°C by a thermostat (Huber, ministat cc) until complete dissolution was 
observed. The flasks were cooled to 20°C at 0.05, 0.5, 1.0 or 2.0°C·min-1. When the 
mixture reached 20°C, stirring was continued for another 10 minutes. A sample was taken 
by filtration (P4), washed with TMBE and dried on air. The ee composition of the solids 
was determined by Method 1 (see above). The suspension was then reheated to dissolution 
and cooled to 20°C at a different rate. Samples of the mixture at 70°C confirmed the 
complete racemization of the material upon reheating. After a 5 heating/cooling runs 3.18 g 
(53%) 5.4 was isolated. 
Procedure for the crystallization of (±)-threonine as described in §5.6: A suspension of 
DL-threonine (22.0 g) in water (100 mL) was heated to dissolution and crash cooled to 
20°C. Since the solubility of DL-threonine is 212 mg/g H2O this solution has a 
(super)saturation of 103.8%. From this solution, 9 × 10 mL were transferred into separate 
Kimble reactor tube (Ø 25 × 150 mm) with a PTFE coated egg-shaped magnetic stirring bar 
(19 × 10 mm). The solutions were heated to 50°C and subsequently cooled to 20°C at 
0.3°C·min-1 and at 600 rpm in a Reactiv8 computer controlled thermostated stirrer. 
Suspensions were observed in the tubes between 4h 10min and 5h 50 min. When a tube 
contained a suspension, the solids were collected immediately and sucked to dryness. A 
spatula tip of filter cake was mixed with dioxane (1.5 mL), 10% Na2CO3 (1.5 mL) and a 
spatula tip of fresh FMOC-Cl. The mixture was left to stir over night and was subsequently 
washed with Et2O (1.5 mL) and acidified with 1M citric acid (5 mL) (under formation of 
CO2). The resulting mixture was extracted with EtOAc and evaporated by a flow of N2. The 
residue was taken up in MeOH and analyzed by chiral HPLC: Column: Chirobiotic T (250 
× 4.6 mm), mobile phase: MeOH/20 mM NH4OAc in water (30 :70), flow: 0.5 mL·min-1, 
UV detection at: 220 and 264 nm. 
Procedure for the deracemization by co-crystallization as described in §5.6: A mixture 
of (±)-5.5 (565 mg, 2.97 mmol 0.29 eq), (±)-5.6 (744 mg, 2.97 mmol 0.29 eq), (±)-5.7 (908 
mg, 2.97 mmol 0.29 eq), (±)-5.8 (649 mg, mg, 2.97 mmol 0.29 eq), DBU (356 µL, 2.38 
mmol, 0.23 eq) and MeCN (8.75 g) was sonicated to dissolution and filtered (P4) to remove 
dust particles. The solution was placed in a new 25 mL round-bottom flask, which was 
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glass beads (Ø 2 mm) and (±)-5.4 (2.614 g, 10.4 mmol, 1.0 eq). The loosely stoppered flask 
was placed in a stirred water bath (1250 rpm), which was kept at 70°C by a thermostat 
(Huber, ministat cc) and complete dissolution was observed. The flask was cooled from 
70°C to 20°C at 0.05°C·min-1 (16h, 40 min). When the mixture reached 20°C, stirring was 
continued for another 2.5 hours. The solids were collected by filtration (P4), washed with 
TMBE and dried on air to yield white solids. The solids were analyzed by both methods 1 
and 2 (see above) to determine the relative amount as denoted in Table 5.3 and the ee of 
each component as depicted in experiments 5–14 in Figure 5.8. Experiments 1–4 in Figure 
5.8 were performed in the same manner as described above but with exclusion of three 
imines. 
(±)-methyl 2-aminopropanoate hydrochloride (1a). Thionyl 
chloride (17.4 mL, 0.24 mol, 1.2 eq) was added dropwise to a 
suspension of (±)-alanine (17.8 g, 0.2 mol, 1.0 eq) in MeOH (100 
mL) upon which the reaction mixture started to boil. The reaction mixture was concentrated 
at 50°C when 1H-NMR showed full conversion after 1.5 hours. The residue was stirred in 
TBME (200 mL) and 27.4 g (98%) of the title compound was isolated as a white solid. 
1H-NMR (300MHz, d6-DMSO): δ= 1.40 (d, J=7.2 Hz, 3H), 3.69 (s, 3H), 3.99 (q, J=6.9 
Hz, 1H), 8.76 (bs, 3H) ppm. 13C-NMR (75MHz, d6-DMSO): δ= 15.7, 47.8, 52.8, 170.4 
ppm. MS (EI): m/z= 104 [M+H+]. 
(±)-2-aminopropanamide hydrochloride (2a). To a concentrated 
solution of ammonia in water (150 mL) was added 1a (27.4 g, 0.2 
mol, 1.0 eq) and the resulting solution was stirred over the weekend. 
1H-NMR showed full conversion and the solution was concentrated 
to dryness and stripped with toluene to remove remaining water. This yielded the title 
compound (23.0 g, 92%) as a white solid. 1H-NMR (300MHz, d6-DMSO): δ= 1.34 (d, 
J=6.9 Hz, 3H), 3.71 (q, J=7.2 Hz, 1H), 7.41 (bs, 1H), 7.98 (bs, 1H), 8.18 (bs, 3H) ppm. 
13C-NMR (75MHz, d6-DMSO): δ= 17.3, 48.3, 171.5 ppm. MS (EI): m/z= 89 [M+H+]. 
(±)-2-(((2-methylphenyl)methylidene)amino)propanamide (5.5). 
To a suspension of 2a (17.7 g, 142 mmol, 1.0 eq) in CH2Cl2 (250 
mL) was added Na2SO4 (25 g), o-tolualdehyde (16.4 mL, 142 
mmol, 1.0 eq) and DIPEA (23.5 mL, 142 mmol, 1.0 eq). The 
mixture was stirred overnight at room temperature. Subsequently, 
the mixture was filtered and the residue washed with CH2Cl2. The 
filtrate was concentrated to a white solid which was washed with 
TBME (250 mL), H2O (50 mL) and again TBME (100 mL). The filter cake was dried in 


















1H-NMR (300MHz, d6-DMSO): δ= 1.30 (d, J=6.6 Hz, 3H), 3.90 (q, J=6.9 Hz 1H), 7.07 
(bs, 1H), 7.13 (bs, 1H), 7.23 (t, J=7.7 Hz, 2H), 7.33 (t, J=8.1 Hz, 1H), 7.91(d, J=8.1 Hz, 
1H), 8.61 (s,  1H) ppm. 13C-NMR (75MHz, d6-DMSO): δ= 19.0, 20.6, 68.3, 125.9, 127.5, 
130.5, 130.8, 133.7, 137.8, 160.3, 174.7 ppm. MS (EI): m/z= 191 [M+H+]. Optically pure 
5.5 was prepared via the same method starting from optically pure 2a. 
(±)-methyl 2-amino-4-(methylthio)butanoate hydrochloride (1b). 
Thionyl chloride (17.4 mL, 0.24 mol, 1.2 eq) was added dropwise to 
a suspension of (±)-methionine (29.8 g, 0.2 mol, 1.0 eq) in MeOH 
(100 mL) upon which the reaction mixture started to boil. The 
reaction mixture was concentrated at 50°C when 1H-NMR showed 
full conversion after 1.5 hours. The residue was stirred in TBME (3 
× 200 mL) and 39.0 g (98%) of the title compound was isolated as a yellowish solid. 1H-
NMR (300MHz, d6-DMSO): δ= 2.03 (s, 3H), 2.07 (q, J=6.9 Hz, 2H), 2.50-2.70 (m, 2H), 
3.73 (s, 3H), 4.06 (t, J=6.3 Hz, 1H), 8.72 (bs, 3H) ppm. 13C-NMR (75MHz, d6-DMSO): δ= 
14.3, 28.4, 29.3, 50.8, 52.8, 169.6 ppm. MS (EI): m/z= 164 [M+H+]. 
(±)-2-amino-4-(methylthio)butanamide hydrochloride (2b). To a 
concentrated solution of ammonia in water (150 mL) was added 1b 
(39.0 g, 0.2 mol, 1.0 eq) and the resulting brown/orange solution 
was stirred over the weekend. 1H-NMR showed full conversion and 
the solution was concentrated to dryness and stripped with toluene to remove remaining 
water. This yielded the title compound (35.6 g, 96%) as an off-white solid. 1H-NMR 
(300MHz, d6-DMSO): δ= 1.94–2.00 (m, 2H), 2.04 (s, 3H), 2.50–2.60 (m, 2H), 3.76 (t, 
J=6.3 Hz, 1H), 7.51 (bs, 1H), 7.98 (bs, 1H), 8.04 (bs, 3H) ppm. 13C-NMR (75MHz, d6-
DMSO): δ= 14.6, 28.5, 31.0, 51.7, 170.2 ppm. MS (EI): m/z= 149 [M+H+]. 
(±)-2-(((2-methylphenyl)methylidene)amino)-4-
(methylsulfanyl)butanamide (5.6). To a suspension of 2b (25.2 g, 
136 mmol, 1.0 eq) in CH2Cl2 (250 mL) was added Na2SO4 (25 g), 
o-tolualdehyde (15.7 mL, 136 mmol, 1.0 eq) and DIPEA (22.5 mL, 
136 mmol, 1.0 eq). The mixture was stirred overnight at room 
temperature. Subsequently, the mixture was filtered and the residue 
washed with CH2Cl2. The filtrate was concentrated to a yellow oil 
which was stirred with TBME (250 mL). The solids were collected 
and washed with TBME (50 mL), H2O (50 mL) and again TBME 
(100 mL). The filter cake was dried in vacuo. The solid was recrystallized from MeCN to 
yield 26.7 g (79%) 5.5 as a white solid. 1H-NMR (300MHz, d6-DMSO): δ= 1.80–2.10 (m, 
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7.08 (bs, 1H), 7.21 (bs, 1H), 7.23 (t, J=7.5 Hz, 2H), 7.34 (t, J=7.8 Hz, 1H), 7.90 (d, J=7.8 
Hz, 1H), 8.59 (s, 1H) ppm. 13C-NMR (75MHz, d6-DMSO): δ= 14.5, 19.0, 29.6, 33.1, 72.4, 
126.0, 127.7, 130.5, 130.8, 133.6, 137.9, 161.5, 173.6 ppm. MS (EI): m/z= 251 [M+H+]. 
Optically pure 5.6 was prepared via the same method starting from enantiopure 2b. 
(±)-methyl 2-amino-3-(1H-indol-3-yl)propanoate dihydro-
chloride (1c). Thionyl chloride (17.4 mL, 0.24 mol, 1.2 eq) was 
added dropwise to a suspension of (±)-tryptophan (40.8 g, 0.2 
mol, 1.0 eq) in MeOH (100 mL) upon which the reaction mixture 
started to boil. After 40 minutes, the reaction mixture crystallized 
as a very thick suspension and the mixture was stirred at 50ºC for 5.5 hours to complete the 
reaction as indicated by 1H-NMR. The reaction mixture was diluted by addition of TBME 
(200 mL) and the solids were collected and washed with MeOH and TBME. After drying in 
vacuo this furnished the title compound (50.7 g, 88%) as a white solid. 1H-NMR (300MHz, 
d6-DMSO): δ= 3.20–3.40 (m, 2H), 3.62 (s, 1H), 4.17 (t, J=6.0 Hz, 1H), 6.98 (t, J=7.5 Hz, 
1H), 7.07 (t, J=6.3 Hz, 1H), 7.23 (d, J=2.1 Hz, 1H), 7.35 (t, J=8.1 Hz, 1H), 7.49 (t, J=7.8 
Hz, 1H), 8.64 (bs, 3H), 11.11 (bs, 1H) ppm. 13C-NMR (75MHz, d6-DMSO): δ= 26.1, 52.6, 
52.8, 106.4, 111.6, 118.1, 118.6, 121.1, 125.0, 127.0, 136.2, 169.7 ppm. MS (EI): m/z= 219 
[M+H+], 203 [M-NH3+H+]. 
(±)-2-amino-3-(1H-indol-3-yl)propanamide (2c). To a 
concentrated solution of ammonia in water (150 mL) was added 1c 
(39.0 g, 0.2 mol, 1.0 eq) and the resulting beige suspension was 
stirred over the weekend. 1H-NMR showed full conversion and the 
suspension was cooled to 4°C and left to crystallize overnight. The 
solids were collected and washed with cold water (50 mL) and TBME (100 mL). The filter 
cake was dried in vacuo. This furnished the title compound (25.0 g, 61%) as white solids. 
1H-NMR (300MHz, d6-DMSO): δ= 1.63 (bs, 2H), 2.70 (dd, J1=8.1 Hz, J2=14.1 Hz, 1H), 
3.04 (dd, J1=4.8 Hz, J2=14.4 Hz, 1H), 3.39 (dd, J1=4.5 Hz, J2=8.1 Hz, 1H), 6.93 (bs, 1H), 
6.95 (dt, Jd=1.2 Hz, Jt=6.9 Hz, 1H), 7.04 (dt, Jd=0.9 Hz, Jt=7.8 Hz, 1H), 7.14 (d, J=2.4 Hz, 
1H), 7.31 (d, J=7.2 Hz, 1H), 7.31 (bs, 1H), 7.56 (d, J=7.8 Hz, 1H), 10.81 (bs, 1H). ppm. 
13C-NMR (75MHz, d6-DMSO): δ= 31.3, 55.5, 111.0, 111.5, 118.4, 118.7, 121.0, 123.9, 
127.6, 136.4, 177.5 ppm. MS (EI): m/z= 204 [M+H+], 226 [M+Na+], 202 [M-H+]. 
(±)-3-(1H-indol-3-yl)-2-(((2-methylphenyl)methylidene) amino)propanamide (5.7). To 
a suspension of 2c (24.4 g, 120 mmol, 1.0 eq) in CH2Cl2 (250 mL) was added Na2SO4 (25 
g) and o-tolualdehyde (13.9 mL, 136 mmol, 1.0 eq). The mixture was stirred overnight at 
room temperature. Subsequently, the mixture was filtered and the residue washed with 














stirred in TBME. The solids were collected and washed with 
TBME (50 mL) and dried in vacuo. This yielded 32.7 g 
(89%) 5.7 as a white solid. 1H-NMR (300MHz, d6-DMSO): 
δ= 2.50 (s, 3H), 2.99 (dd, J1=9.3 Hz, J2=14.1 Hz, 1H), 3.39 
(dd, J1=2.1 Hz, J2=14.1 Hz, 1H), 4.01 (dd, J1=4.2 Hz, J2=9.3 
Hz, 1H), 6.92 (t, J=6.3 Hz, 1H), 7.00–7.32 (m, 7H), 7.52 (d, 
J=8.1 Hz, 1H), 7.84 (d, J=7.8 Hz, 1H), 7.99 (s, 1H), 10.77 
(s, 1H) ppm. 13C-NMR (75MHz, d6-DMSO): δ= 18.4, 30.2, 
74.2, 110.4, 111.4, 118.4, 118.6, 121.0, 124.1, 125.9, 127.3, 127.4, 130.3, 130.6, 133.6, 
136.3, 137.6, 160.3, 174.3 ppm. MS (EI): m/z= 306 [M+H+], 328 [M+Na+], 304 [M-H+]. 
Optically pure 5.7 was prepared via the same method starting from enantiopure 2c. 
(±)-methyl 2-amino-3-methylbutanoate hydrochloride (1d). 
Thionyl chloride (27.4 mL, 0.38 mol, 1.9 eq) was added dropwise 
to a suspension of (±)-valine (23.4 g, 0.2 mol, 1.0 eq) in MeOH 
(100 mL) upon which the reaction mixture started to boil. The 
mixture was kept at reflux temperature by heating. The reaction mixture was concentrated 
at 50°C when 1H-NMR showed full conversion after one day. The oily residue was 
tritruated in TBME (3 × 200 mL) and the solid was collected by filtration and washed with 
TMBE (50 mL). The title compound was dried in vacuo to yield 26.7 g (80%) as a white 
solid. 1H-NMR (300MHz, d6-DMSO): δ= 0.905 (d, J=6.9 Hz, 3H), 0.956 (d, J=6.9 Hz, 
3H), 2.15–2.20 (m, 1H), 3.71 (s, 3H), 3.77 (bs, 1H), 8.72 (bs, 1H) ppm. 13C-NMR (75MHz, 
d6-DMSO): δ= 17.6, 18.8, 29.3, 52.6, 57.5, 169.1 ppm. MS (EI): m/z= 132 [M+H+]. 
(±)-2-amino-3-methylbutanamide hydrochloride (2d). To a 
concentrated solution of ammonia in water (150 mL) was added 1d 
(26.7 g, 0.16 mol, 1.0 eq) and the resulting solution was stirred 
over the weekend. 1H-NMR subsequently showed full conversion 
and the solution was concentrated to dryness and stripped with toluene to remove 
remaining water. This yielded the title compound (23.9 g, 78%) as an off-white solid. 1H-
NMR (300MHz, d6-DMSO): δ= 0.85–0.95 (m, 6H), 2.09 (q, J=5.7 Hz, 1H), 3.53 (d, J=5.4 
Hz, 1H), 7.48 (bs, 1H), 7.93 (bs, 3H), 7.97 (bs, 1H) ppm. 13C-NMR (75MHz, d6-DMSO): 
δ= 18.1, 18.6, 29.6, 57.4, 169.9 ppm. MS (EI): m/z= 117 [M+H+], 139 [M+Na+]. 
(±)-3-methyl-2-(((2-methylphenyl)methylidene)amino) butanamide (5.8). To a 
suspension of 2d (21.2 g, 139 mmol, 1.0 eq) in CH2Cl2 (250 mL) was added Na2SO4 (25 g), 
o-tolualdehyde (16.1 mL, 139 mmol, 1.0 eq) and DIPEA (23.0 mL, 139 mmol, 1.0 eq). The 
mixture was stirred overnight at room temperature. Subsequently, the mixture was filtered 
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stirred in TBME (250 mL) to yield a pink suspension which was 
filtered. The filter cake was washed with TBME (50 mL) and the 
filtrate was concentrated and stripped with toluene. The resulting 
solid was recrystallized from MeCN to yield 21.0 g (69%) 5.8 as a 
white solid. 1H-NMR (300MHz, d6-DMSO): δ= 0.83 (s, 3H), 0.85 
(s, 3H), 2.18 (m, 1H), 2.50 (s, 3H), 3.48 (d, J=5.7 Hz, 1H), 6.96 
(bs, 1H), 7.15–7.35 (m, 4H), 7.87 (d, J=6.9 Hz, 1H), 8.51 (s, 1H) 
ppm. 13C-NMR (75MHz, d6-DMSO): δ= 18.0, 19.2, 19.4, 31.5, 80.0, 126.0, 128.0, 130.4, 
130.8, 133.7, 137.7, 161.0, 173.6 ppm. MS (EI): m/z= 219 [M+H+], 239 [M+Na+]. 
Optically pure 5.8 was prepared via the same method starting from enantiopure 2d.  
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